1. Introduction
===============

Superovulation technology has been widely applied in assisted reproductive technologies of livestock and economic animals. However, the superovulation efficiency of sika deer (*Cervus nippon*) is considerably lower than that of other species \[[@B1-ijms-15-12107],[@B2-ijms-15-12107]\], which limits the progress of sika deer farming. In a previous study, we found that the administration of melatonin implants could improve the number of corpora luteum and recovered embryos in sheep \[[@B3-ijms-15-12107]\]. Therefore, we expect that melatonin implantation may also promote superovulation in sika deer.

Melatonin is a derivative of the essential amino acid, tryptophan, and possesses multiple physiological functions. Melatonin application is widely used to improve reproductive performance in several species \[[@B4-ijms-15-12107],[@B5-ijms-15-12107],[@B6-ijms-15-12107]\]. In short-day breeders, melatonin stimulates the release of gonadotropin-releasing hormone (GnRH) from the hypothalamus-pituitary-gonadal (HPG) axis, thereby regulating pituitary secretion of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) to control estrus and ovulation \[[@B7-ijms-15-12107],[@B8-ijms-15-12107]\].

There are few reports related to the reproductive physiology of sika deer, including the profiles of their reproductive hormone during the breeding season. Thus, the purpose of this study was to investigate our hypothesis that melatonin implants can alter the levels of reproductive hormones (FSH, LH and PRL), thereby promoting the superovulation effect., whereas this is the first observation of the effects of melatonin on superovulation and reproductive hormones of the rare species (sika deer), which has unique reproductive characteristic different from domestic animals. Although this study was partially based on the results of our previous report \[[@B1-ijms-15-12107],[@B6-ijms-15-12107],[@B9-ijms-15-12107],[@B10-ijms-15-12107]\], we firstly report the LH and FSH increase after melatonin treatment in deer. This improved superovulation and the number of useful embryos.

2. Results
==========

2.1. The Concentration of MT, FSH, LH and PRL in Sika Deer after MT Implantation
--------------------------------------------------------------------------------

### 2.1.1. Melatonin Concentrations

The melatonin levels in two melatonin-treated groups were similar at the various stages of superovulation and dropped the first time after controlled intravaginal drug release (CIDR) removal; however, these levels remained significantly higher than those of the control animals (*p* \< 0.05) ([Figure 1](#ijms-15-12107-f001){ref-type="fig"}). This indicated that the subcutaneously implanted melatonin was constantly released into the blood circulation. Interestingly, after CIDR removal, the decreased melatonin levels rose again during the period between the insemination and embryo recovery in both of the melatonin-treated groups; this phenomenon was not observed in control animals ([Figure 1](#ijms-15-12107-f001){ref-type="fig"}). In the control group, the melatonin levels did not change among various stages ([Figure 1](#ijms-15-12107-f001){ref-type="fig"}).

![Melatonin concentrations throughout the study period. Day 0: controlled intravaginal drug release (CIDR) insertion; Day 6: CIDR substitution; Day 12: CIDR removal; Day 14: insemination; Day 20: embryo recovery. In two melatonin-treated groups, the melatonin levels dropped after CIDR removal; however, these levels were still significantly higher than those of the control (*p* \< 0.05). The decreased melatonin levels rose again during the period between the insemination and embryo recovery. In the control group, the melatonin levels did not change among various stages. Values are given as the mean ± S.E.M. The error bar is extended above and below at each time point in the MT40 mg group and MT80 mg group, respectively. "**\***" or "\#" mean *p* \< 0.05.](ijms-15-12107-g001){#ijms-15-12107-f001}

### 2.1.2. FSH Concentrations

Significant changes in FSH were observed on Days 12 and 14 during the superovulation process (*p* \< 0.05). During this period, FSH concentrations in the control group dropped from their peak values to baseline levels; however, the inverse phenomenon was observed in the melatonin-treated deer. That is, the FSH concentrations rose from their baseline levels to their peak values ([Figure 2](#ijms-15-12107-f002){ref-type="fig"}). These peak values were maintained only for a short time and rapidly decreased to their baseline levels again.

### 2.1.3. LH Concentrations

LH levels in the control group were stable during the process of superovulation. Significant fluctuations of LH occurred in melatonin-treated animals (*p* \< 0.05). The highest LH values in melatonin-treated animals were observed on the insemination day (Day 14) of superovulation; the high levels of LH persisted until the day of embryo recovery ([Figure 3](#ijms-15-12107-f003){ref-type="fig"}).

![FSH concentrations throughout the study period. Day 0: CIDR insertion; Day 6: CIDR substitution; Day 12: CIDR removal; Day 14, insemination; Day 20: embryo recovery. During Days 12 to 14, the FSH concentrations in the control group dropped from their peak values to baseline levels; however, in the melatonin-treated deer, the FSH concentrations rose from their baseline levels to their peak values. These peak values were maintained only for a short time and decreased to their baseline levels again. Values are given as the mean ± S.E.M. The error bar is extended above and below at each time point in the MT40 mg group and MT80 mg group, respectively. "**\***" or "\#" mean *p* \< 0.05.](ijms-15-12107-g002){#ijms-15-12107-f002}

![LH concentrations throughout the study period. Day 0: CIDR insertion; Day 6: CIDR substitution; Day 12: CIDR removal; Day 14: insemination; Day 20: embryo recovery. In melatonin-treated animals, the highest LH values were observed on Day 14, while in the control group, LH levels were stable during the process. Values are given as the mean ± S.E.M. The error bar is extended above and below at each time point in the MT40 mg group and MT80 mg group, respectively. "**\***" or "\#" mean *p* \< 0.05.](ijms-15-12107-g003){#ijms-15-12107-f003}

### 2.1.4. PRL Concentration

The data indicated that after melatonin implantation, the PRL levels in all groups slowly decreased. After CIDR removal, the PRL levels rose again ([Figure 4](#ijms-15-12107-f004){ref-type="fig"}). The PRL levels in the high-dose (80 mg/animal) melatonin-treated animals were significantly elevated compared with those of the other animals during the entire process of superovulation (*p* \< 0.05) ([Figure 4](#ijms-15-12107-f004){ref-type="fig"}).

![PRL concentrations throughout the study period. Day 0: CIDR insertion; Day 6: CIDR substitution; Day 12: CIDR removal; Day 14: insemination; Day 20: embryo recovery. The PRL levels in the 80 mg melatonin-treated animals were significantly elevated compared with those of the other animals during the entire process. Values are given as the mean ± S.E.M. The error bar is extended above and below at each time point in the MT40 mg group and MT80 mg group, respectively. "\#" mean *p* \< 0.05.](ijms-15-12107-g004){#ijms-15-12107-f004}

2.2. Correlation between the Levels of Melatonin and FSH, LH and PRL
--------------------------------------------------------------------

Several strong correlations were observed between the serum levels of melatonin and FSH, LH and PRL at various stages of superovulation. The data, which were derived from [Figure 1](#ijms-15-12107-f001){ref-type="fig"}, [Figure 2](#ijms-15-12107-f002){ref-type="fig"}, [Figure 3](#ijms-15-12107-f003){ref-type="fig"} and [Figure 4](#ijms-15-12107-f004){ref-type="fig"}, are listed in [Table 1](#ijms-15-12107-t001){ref-type="table"}.

ijms-15-12107-t001_Table 1

###### 

The correlation coefficient of MT and FSH, LH and PRL.

  -------------------------------------------------------------------------------------------------
  Blood Collection Stage   Hormone   Control Group   Group 1\           Group 2\           
                                                     (40 mg Implants)   (80 mg Implants)   
  ------------------------ --------- --------------- ------------------ ------------------ --------
  CIDR insertion\          MT        FSH             −0.629             −0.494             0.912
  (Day 0)                                                                                  

  LH                       −0.458    0.940           0.996 \*                              

  PRL                      0.854     0.464           0.659                                 

  CIDR substitution\       MT        FSH             −0.738             0.829              0.318
  (Day 6)                                                                                  

  LH                       −0.863    0.529           −0.074                                

  PRL                      0.794     0.567           −0.169                                

  CIDR Removal\            MT        FSH             −0.666             0.086              −0.043
  (Day 12)                                                                                 

  LH                       −0.105    −0.056          0.991 \*                              

  PRL                      0.887     −0.706          −0.043                                

  Insemination\            MT        FSH             −0.246             −0.281             0.178
  (Day 14)                                                                                 

  LH                       −0.179    −0.832          0.432                                 

  PRL                      0.293     −0.855          0.311                                 

  Embryo Recovery\         MT        FSH             −0.103             −0.960 \*          0.851
  (Day 20)                                                                                 

  LH                       −0.095    −0.268          −0.384                                

  PRL                      0.076     −0.644          −0.313                                
  -------------------------------------------------------------------------------------------------

\* Strong correlations *p* \< 0.05.

2.3. Effects of Melatonin Implantation on Superovulation in Female Sika Deer
----------------------------------------------------------------------------

The results revealed that the numbers of corpora lutea in the melatonin-implanted animals were significantly higher than those of the control animals (*p* \< 0.05) ([Figure 5](#ijms-15-12107-f005){ref-type="fig"}A). With respect to the number of embryos recovered, there was an increased tendency for embryo recovery in the 40-mg melatonin-implanted animals compared with the control group. However, this increase did not reach statistical significance (*p* \> 0.05).

It appears that embryonic development in the melatonin-treated groups was delayed. In the control animals, all embryos developed into the blastocyst stage. However, nearly half of the embryos from the melatonin-treated animals remained in the morula stage, although this phenomenon failed to exhibit significant differences, due to the shortage of recovered embryos (*p* \> 0.05) ([Figure 5](#ijms-15-12107-f005){ref-type="fig"}B).

![(**A**) The number of corpora lutea and embryos; (**B**) embryonic development stage. All embryos developed into the blastocyst stage in the control animals, while nearly half of the embryos from the melatonin-treated animals remained in the morula stage, although this phenomenon failed to exhibit significant differences. "**\***" mean *p* \< 0.05.](ijms-15-12107-g005){#ijms-15-12107-f005}

3. Discussion
=============

The photoperiod regulates estrus by affecting the secretion of reproductive hormones, which are regulated by the serum levels of melatonin released from pineal gland \[[@B11-ijms-15-12107]\]. To test the effects of melatonin on reproductive performance, melatonin was implanted into sika does during the process of superovulation. This implanted melatonin significantly increased serum melatonin levels. Accordingly, the profiles of several reproductive hormones, including FSH, LH and PRL, were also altered under the influences of the elevated melatonin levels \[[@B3-ijms-15-12107],[@B12-ijms-15-12107],[@B13-ijms-15-12107]\]. Increased levels of LH and FSH in porcine prenatal follicles have been reported to improve the quality of oocytes \[[@B14-ijms-15-12107]\]. This implies that melatonin implantation resulted in the improvement of doe superovulation. Once the CIDRs were removed at Day 12 of superovulation, the serum melatonin levels in the treated animals rapidly dropped to their lowest point on the day of insemination (Day 14), at which point, the follicle development gradually increased and resulted in ovulation. This observation is consistent with a previous report \[[@B15-ijms-15-12107]\] in which the authors found that reduced melatonin levels were associated with an increase in the diameter of the follicles. Melatonin levels are higher in follicles than in peripheral serum before ovulation in humans \[[@B16-ijms-15-12107],[@B17-ijms-15-12107]\], which indicates that the ovarian function can be directly affected by melatonin, as well as indirectly affected via the hypothalamus-pituitary axis. We speculate that the accumulated melatonin in the follicles promotes their development.

Melatonin stimulates the release of GnRH through the HPG axis, thereby regulating pituitary secretion of LH and FSH. Melatonin has been suggested to partially suppress the hypothalamus-pituitary-ovarian axis and to induce differential regulation of sex steroid receptors in the ovary, oviduct and uterus during ovulation \[[@B13-ijms-15-12107]\]. Melatonin is reported to promote the synthesis and secretion of FSH, LH and PRL directly by either the hypothalamus or by β-adrenergic receptors localized in ovaries or adrenal cells \[[@B18-ijms-15-12107],[@B19-ijms-15-12107],[@B20-ijms-15-12107],[@B21-ijms-15-12107]\]. However, the impact of melatonin on pituitary activity is mediated via a negative feedback through estradiol \[[@B21-ijms-15-12107]\]. High levels of melatonin receptors have been found in the pars tuberalis of the pituitary in mammals \[[@B22-ijms-15-12107]\]. By binding to the subtypes of receptors, melatonin exhibits dual roles (promotes or inhibit) on the secretion of reproductive hormones under different physiological conditions or in different species \[[@B23-ijms-15-12107]\].

Our results demonstrate that after an injection of FSH on Day 9 at the time of superovulation, the FSH concentrations in control group were elevated, followed by a reduction after CIDR withdrawal. In contrast, in the presence of melatonin, the FSH levels were elevated only after CIDR withdrawal. It seems that the FSH peak values in the melatonin-treated groups were delayed under the residual action of melatonin compared with that of control animals. These results indicated that without FSH intramuscular injection, the concentrations of FSH rose rapidly and persisted till to insemination in the treated groups, even in the absence melatonin. As a result, during the period of CIDR withdrawal to insemination, the release of FSH was associated with decreased concentrations of melatonin, which suggested that melatonin participated in the regulatory mechanism of FSH production in the serum.

It appears that the reduced melatonin concentrations between the time of CIDR removal until insemination was critical for the promotion of LH release. This resulted in a peak level of LH at the time of insemination, which promotes ovulation ([Figure 3](#ijms-15-12107-f003){ref-type="fig"}). As LH muscular injection occurred at the time of insemination, the elevated LH levels could not be explained by exogenously applied LH.

Many studies have reported that melatonin influences PRL release in mammals \[[@B24-ijms-15-12107],[@B25-ijms-15-12107],[@B26-ijms-15-12107]\]. Melatonin inhibits PRL gene expression either through the inhibition of thyrotropin-releasing hormone (TRH), which upregulates PRL expression, or by direct inhibition of the anterior pituitary \[[@B24-ijms-15-12107]\]. It has been reported that 21 days after melatonin treatment, PRL concentrations are at their lowest levels. In addition, estrus in non-pregnant does and lactating does advances approximately 35 and 38 days, respectively \[[@B27-ijms-15-12107]\]. PRL concentrations after high doses of implanted melatonin were significantly suppressed compared with those in the other groups ([Figure 4](#ijms-15-12107-f004){ref-type="fig"}). The low levels of PRL contribute to doe estrus and ovulation and verify the inhibitory effect of melatonin on PRL.

The seasonal serum melatonin variations influence the follicular maturation process, which, in turn, affects the secretion of reproductive hormones. It was reported that the melatonin concentrations in human preovulatory follicles are several-fold higher than those in the serum \[[@B16-ijms-15-12107],[@B17-ijms-15-12107]\]. This indicated that melatonin may directly affect ovarian function. Melatonin concentrations in mature follicular fluid *in vivo* were significantly higher than those of mature follicles cultured *in vitro* \[[@B28-ijms-15-12107]\]. According to the analysis of the current study, there are strong correlations between MT and FSH, LH and PRL. In particular, at low doses of melatonin, melatonin and FSH levels exhibit a significantly negative correlation at the time of embryo recovery. Furthermore, there was an extremely strong positive correlation between melatonin and LH levels at the highest melatonin dose ([Table 1](#ijms-15-12107-t001){ref-type="table"}). It is interesting that a negative correlation between melatonin and FSH levels was observed in control does. However, this correlation became positive after melatonin implantation in treated does and exhibited a dose response. That is, the more melatonin that was implanted, the stronger the correlation ([Table 1](#ijms-15-12107-t001){ref-type="table"}). The results indicated that before estrus, high levels of melatonin caused by melatonin implantation promoted LH release. The negative correlation suggests that during ovulation, melatonin is actively transported into the follicles, which leads to superovulation. The negative correlation between melatonin and PRL levels proved that melatonin promoted estrus by inhibiting PRL release.

Melatonin has beneficial effects on embryonic development in old female goats under superovulation \[[@B4-ijms-15-12107]\]. Encouraged by this result, we planned to increase the odds of success in embryo transplantation with melatonin implantation in sika deer. To reach this goal, the first step is to increase the quality of superovulation. However, there are few reports related to the effect of melatonin on superovulation. In the present study, we found that melatonin implantation prolonged FSH release, promoted the release of LH and inhibited PRL in sika deer. These changes led to improved superovulation. The changes of FSH and LH in melatonin-treated female sika deer may result in the delay of ovulation and, thereby, postpone embryonic development. Most importantly, we, for the first time, reported that both doses (40 and 80 mg) of melatonin significantly increased the numbers of corpora lutea in recipient deer compared with the control group. In addition, the 40 mg of melatonin implantation exhibited a tendency towards better embryo recovery than that in the control group, although this tendency failed to achieve statistical significance. This may be related to the sample size involved. We realize that the limitation of this study is the sample size of animals (four sika deer/group). This obstacle is difficult to be overcome, due to the limited availability of these large animals. However, this study provides valuable preliminary information on the use of melatonin to improve superovulation. The results obtained from the current study provide first-hand evidence for the use of melatonin to increase reproductive efficiency in sika deer, a rare species.

4. Experimental Section
=======================

4.1. Materials
--------------

Twelve female sika deer donors were selected and bred at the Beijing Lushen Deer Industry Co., Ltd. (Beijing, China), deer breeding farm. All experimental protocols regarding the handling of sika deer were in accordance with the requirements of the Institutional Animal Care and Use Committee at China Agricultural University.

4.2. Methods
------------

### 4.2.1. Melatonin Implantation

Multiparous weaned hinds (*N* = 8) were selected on 18 July 2008, before the breeding season, 80 days before estrous synchronization. Melatonin was subcutaneously implanted (subcutaneous sustained release melatonin, a cylindrical implant, containing 10 mg MT, which was made in our lab) at the root of the right ear. Female sika deer in Treatment 1 (*N* = 4) each received 40 mg of melatonin implants, and female sika deer in Treatment 2 (*N* = 4) each received 80 mg of melatonin implants. Female sika deer in Treatment 3 (*N* = 4) served as the controls and received no melatonin treatment.

### 4.2.2. Estrous Synchronization, Superovulation, Insemination and Embryo Recovery

Estrous synchronization, superovulation, insemination (frozen semen from a single buck) and embryo recovery were performed as described previously \[[@B1-ijms-15-12107]\]. Briefly, estrous synchronization treatment consisted of an ovine CIDR (InterAg, Hamilton, New Zealand). The date of CIDR insertion was designated Day 0 (initial day of treatment). Superovulation was conducted with a total dose of 320 mg of Folltropin-V (Bioniche, Belleville, ON, Canada). Intramuscular injections were given every 12 h (40 mg for each injection), beginning on the afternoon of Day 9. The CIDRs were removed on Day 12, concurrent with the seventh injection of FSH. Insemination was performed (transcervical technique) 2 days after CIDR removal, with insemination repeated 8 to 12 h later. Embryos were surgically collected 6 days after the first insemination.

### 4.2.3. Blood Collection

Blood was collected on the right side of the carotid at the time of CIDR insertion, CIDR substitution, CIDR removal, insemination and embryo recovery during superovulation from 20 September to 10 October.

### 4.2.4. Preparation of Serum

Blood was inverted for 2 to 4 h at room temperature, and the blood clots were stripped with sterile needles. The tubes were centrifuged at 3000× *g*, 4 °C for 10 min, and the sera were separated. The sera were carefully collected into 1.5-mL centrifuge tubes (one for testing and one spare) and stored at −20 °C until the assays were performed.

### 4.2.5. Assay for Hormone Concentrations

MT levels in serum samples were quantified using an enzyme-linked immunosorbent assay (ELISA) kit (MT ELISA kit, Mybiosource, Inc., San Diego, CA, USA). In this ELISA assay, the detection range of MT was from 6.25 to 400 pg/mL. The coefficients of variation (CV) were 7.53% and 11.3% for intra-assay and inter-assay variability, respectively.

LH, FSH and PRL levels in serum samples were measured by a commercial radioimmunoassay (RIA) kit (Beijing North Biotechnology Institute, Beijing, China) using a gamma counter. The coefficients of variation (CV) were 10% and 15.8% (FSH), 2.0% to 2.4%, 4.2% to 7.5% (LH) and 10% and 15.7% (PRL) for intra-assay and inter-assay variability, respectively. The recovery rates were 94% to 105% (FSH), 90% to 105% (LH) and 90% to 109% (PRL). The sensitivity of the assay was 1.0 mIU/mL for both FSH and LH, and the detection range of PRL was 125--2000 µIU/mL (PRL), respectively.

4.3. Statistical Analysis
-------------------------

All data are expressed as the mean ± S.E.M. Data were subjected to multiple comparison analysis using one-way ANOVA analysis for intergroup comparison with SPSS 18.0 statistical software, and the correlations were analyzed using the correlations procedure. *p* \< 0.05 was considered statistically significant.

5. Conclusions
==============

In this study, for the first time, we reported that exogenous melatonin implantation into female sika deer modified the profiles of their reproductive hormones and improved their superovulation, as demonstrated by an increase in the number of corpora lutea and embryos recovered. The current observations provide valuable information regarding the use of melatonin to increase reproductive efficiency in female sika deer.
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